T he detrimental effects of anesthesia and mechanical ventilation on pulmonary function have been known for decades. 1, 2 Indeed, postoperative pulmonary complications remain 1 of the leading causes of increased perioperative morbidity, mortality, and resource utilization. [3] [4] [5] [6] Despite the incidence and impact of these complications, anesthesiologists have few interventions to prevent them or mitigate their impact.
Protective mechanical ventilation can broadly be defined as the use of low tidal volumes, low plateau pressures, and the application of positive end-expiratory pressure (PEEP). Both randomized controlled clinical trials and carefully controlled observational studies have demonstrated that a strategy of intraoperative protective ventilation is associated with a reduced risk of major postoperative respiratory complications in patients with healthy lungs, who are mechanically ventilated for a short time period in the operating room. [7] [8] [9] [10] [11] Previous studies have examined patterns of intraoperative ventilation at an institutional level and demonstrated that a significant number of patients do not receive protective mechanical ventilation. [12] [13] [14] [15] [16] While data at the hospital-level provide some indication of the use of protective ventilation, there is no data regarding the practice patterns of individual anesthesia providers. Understanding the clinical behavior of providers is essential in devising and assessing quality improvement projects since it is individuals who determine ventilator settings, not institutions. Efforts to quantify and compare individual practice in the perioperative period are often hindered by the large number of patient and procedure-related factors that are involved in clinical decision making. Advanced analytic techniques to account for many covariates such as propensity scores exist but have not been routinely used when examining providerrelated quality and safety metrics within anesthesia. The purpose of this study was to assess the variability between individual anesthesia providers in the use of intraoperative protective ventilation while using advanced statistical methods to adjust for differences in patient and procedure case mix.
METHODS Study Design and Setting
This study received approval from the Partners Institutional Review Board (protocol number 2014P002179). Data were obtained for patients requiring general anesthesia performed at the Massachusetts General Hospital between January 2007 and October 2014. Data were extracted and BACKGROUND: The purpose of this study was to determine whether significant variation exists in the use of protective ventilation across individual anesthesia providers and whether this difference can be explained by patient, procedure, and provider-related characteristics. METHODS: The cohort consisted of 262 anesthesia providers treating 57,372 patients at a tertiary care hospital between 2007 and 2014. Protective ventilation was defined as a median positive end-expiratory pressure of 5 cm H 2 O or more, tidal volume of <10 mL/kg of predicted body weight and plateau pressure of <30 cm H 2 O. Analysis was performed using mixed-effects logistic regression models with propensity scores to adjust for covariates. The definition of protective ventilation was modified in sensitivity analyses. RESULTS: In unadjusted analysis, the mean probability of administering protective ventilation was 53.8% (2.5th percentile of provider 19.9%, 97.5th percentile 80.8%). After adjustment for a large number of covariates, there was little change in the results with a mean probability of 51.1% (2.5th percentile 24.7%, 97.5th percentile 77.2%). The variations persisted when the thresholds for protective ventilation were changed. CONCLUSIONS: There was significant variability across individual anesthesia providers in the use of intraoperative protective mechanical ventilation. Our data suggest that this variability is highly driven by individual preference, rather than patient, procedure, or provider-related characteristics. ( 
Study Cohort
We included all anesthesia providers who performed a minimum of 100 anesthetics for patients undergoing a surgical procedure during the study period. Anesthesia providers could be anesthesia residents, certified registered nurse anesthetists (CRNA), or attending anesthesiologists who managed no more than 1 patient at a time and did not supervise multiple rooms. Patients aged 18 years or older, undergoing a noncardiothoracic surgical procedure and requiring general anesthesia were considered for the study. Only cases where the patient was intubated with an endotracheal tube at the start and extubated at the end of the procedure were included in the analysis. Cases with missing data, and height <48 inches (calculations of predicted body weight become inaccurate at the extremes of height 17 ) were excluded from the analysis. Patients with American Society of Anesthesiologists physical classification status of greater than 4 were not included since it was felt that these cases do not represent routine anesthetic care.
Exposure
In the primary analysis, protective ventilation was defined a priori, based on prior literature on mechanical ventilation in perioperative medicine. 7, 8, 10, 13 Patients were classified as being ventilated protectively if they had a median applied PEEP of ≥5 cm H 2 O, a median expiratory tidal volume <10 mL/kg of predicted body weight, and a median plateau pressure (obtained from a 10% inspiratory pause during volume controlled ventilation, or the set pressure during pressure controlled ventilation) of <30 cm H 2 O. 8 Patients had to meet each of these criteria to be considered as receiving protective ventilation during the procedure. These ventilator variables are recorded every minute by the anesthetic record system. In the secondary analysis, we separately analyzed the variability in application of each of the individual components of protective ventilation: PEEP, tidal volume, and plateau pressure.
Covariates
Data regarding both patient and surgical characteristics that could affect the use of protective ventilation were obtained. Patient factors comprised of demographic variables including sex, age, height, body mass index, American Society of Anesthesiologists physical status classification, year of surgery, and whether the procedure was listed as emergent or ambulatory. The Score for Prediction Of Postoperative Respiratory Complications was calculated for every patient to establish the preoperative risk for postoperative pulmonary complications. 18 We also determined whether the patient had any preexisting respiratory disease and also calculated the Charlson comorbidity index score to adjust for overall disease burden in the patient population. 19, 20 Data regarding type of surgical procedure were retrieved using the Current Procedural Terminology codes. We divided the surgical procedures into 14 different groups, as listed in Table 1 . 8 Work relative value units were used to represent and adjust for the complexity of the surgical procedure. Data regarding fluid therapy, transfusion of fresh frozen plasma, packed red blood cells and platelets, estimated blood loss, and use of epidural analgesia were also abstracted from the database. Finally, we included data regarding whether a provider was a resident, CRNA or attending anesthesiologist, as well as the cumulative number of cases of the provider as a continuous variable.
Statistical Analysis
For all individual anesthesia providers, we calculated the proportion of patients that received protective ventilation during the surgical procedure. The cohort was then divided into quartiles based on the overall proportion of protective ventilation usage by individual anesthesia providers to calculate descriptive statistics. Differences between the quartiles were assessed using the χ 2 test for categorical variables and analysis of variance and Kruskal-Wallis tests for continuous variables.
In the primary analysis, mixed-effects logistic regression models were used to assess the association between individual anesthesia provider and the use of protective ventilation during general anesthesia. First, we performed unadjusted mixed-effects logistic regression analysis with protective ventilation as the dependent binary variable and individual provider as a random effect. In the results of the unadjusted analysis, the intercept for each individual provider was then used to calculate the estimated probability of a patient receiving protective ventilation. Since the model accounts for random variation, the results of the unadjusted analysis differ slightly from the observed (crude) rates of protective ventilation use.
To account for covariates, we subsequently used adjusted mixed-effects logistic regression analysis. As a data reduction technique, we generated a propensity score to calculate an individual patient's probability of receiving protective ventilation accounting for demographics, comorbidities, procedure-and intraoperative-related predictors of protective ventilation. [21] [22] [23] All covariates were included in the propensity score model without further selection. Continuous variables were divided into quartiles and then included into the model as categorical variables to account for nonlinear relationships. The propensity score was then centered on the mean. Thus, once the propensity score was added as a fixed effect into the regression model, it allowed for the individual intercept of a provider to be interpreted as the estimated probability that an average patient would receive protective ventilation. An average patient is mathematically defined as one who has the average probability to receive protective ventilation. The propensity score was included as a continuous variable in the regression model. To ensure that the assumption of linearity between the propensity score and the log odds of receiving protective ventilation was valid, we included quadratic and cubic terms to the regression model. With these additional terms, there was no change in the variance for providers suggesting that our results were not sensitive to this assumption. In a sensitivity analysis, we used inverse probability of treatment weights in a mixed-effects model, as well as a multivariable model utilizing the same predictors as in the propensity model. As a secondary analysis, we analyzed the variability in practice among individual providers separately for each of the 3 components of protective ventilation: application of PEEP (≥5 cm H 2 O), low tidal volume (<10 mL/kg predicted body weight), and low plateau pressure (<30 cm H 2 O). For each parameter (PEEP, tidal volume, and plateau pressure), a new propensity score was calculated and a separate mixed-effects logistic regression model was used.
We also performed additional sensitivity analyses to help with the interpretation of our results. To test whether the results were sensitive to the definition of protective ventilation, we altered the protective thresholds and repeated the primary analysis using a combination PEEP of ≥5 cm H 2 O, plateau pressure < 20 cm H 2 O, and tidal volume of ≤8 mL/kg predicted body weight. The secondary analysis was also repeated using different thresholds for the individual components of protective ventilation.
The primary analysis was performed with compliance (defined as median tidal volume divided the median plateau pressure subtracted from the median PEEP) as a covariate to determine if preexisting lung stiffness accounted for practice patterns. We also changed the cutoff for the minimum number of cases required to be included into the cohort to 50 to ensure that this did not bias the result. Additionally, the primary analysis was repeated using the supervising attending anesthesiologist as the random effect in the model to see whether that eliminated the variability among providers. Only supervising attending anesthesiologists with more than 100 cases performed in the sample were included. The covariates adjusted for were the same as the primary analysis. Given that provider handovers most often occur at 5 pm at the study institution, we performed a sensitivity analysis where we excluded cases that ended after 5 pm to eliminate potential contamination from multiple providers being involved in a single case.
To further investigate changes of practice over time, we divided the cohort into quartiles based on the usage of protective ventilation in 2007 to 2008. We then tracked the proportion of patients receiving protective ventilation in 2-year increments. Only providers who completed anesthetics in each period were included in this analysis. Finally, to see if the variation differed over the study time period, we created 2 new subcohorts defined by the year the patient received their anesthetic. The 2 time periods were early (2007-2009) and late (2012-2014) and the primary analysis was repeated and compared between these 2 cohorts.
Statistical tests were 2 tailed and a P value of <0.05 was considered to be significant. Predicted probabilities were calculated based on both the fixed and random effects components of the models and plotted. Before plotting these values, the assumption of linearity on the logit scale was checked to ensure that the results could be plotted conventionally. All analyses were performed in Stata (version 14; StataCorp, College Station, TX). Mixed-effects models were calculated using the GLAMM, XTMELOGIT, and XTLOGIT commands. The sample size was based on the available data and no a priori sample size calculation was performed. However, the large number of providers (ie, >250) each with a sizable number of treated patients (ie, >100) provided sufficient data to examine the distribution of protective ventilation usage across providers.
RESULTS
The cohort consisted of 262 individual anesthesia providers treating 57,372 patients undergoing general anesthesia in the operating room. A complete description of the cohort formation is displayed in Supplemental Digital Content 1, Figure 1 , http://links.lww.com/AA/ B905. The median number of cases per provider was 224 [interquartile range: 173-296]. The overall proportion of patients who received protective ventilation was 52%. We stratified individual anesthesia providers into quartiles based on the proportion of use of protective ventilation. The cutoffs for the quartiles in terms of usage of protective ventilation were 2% to 39%, 40% to 53%, 53% to 66%, and 66% to 87%. There were statistically significant differences across the individual provider quartiles for some of the covariates. For instance, those in the highest quartile of protective ventilation had a higher proportion of patients undergoing anesthesia during the later years of the study and tended to have longer duration of intraoperative ventilation. However, there were no differences noted across the quartiles with regards to body mass index and existing chronic pulmonary disease. A complete description of patient demographics and comorbidities, as well as procedure and provider characteristics and intraoperative factors can be found in Table 1 .
Primary Analysis
The unadjusted and fully adjusted results of the mixedeffects logistic regression analysis for individual provider variability in the use of protective ventilation are shown in Table 2 . The variance between individual anesthesia providers in the use of protective ventilation is described by σ b 2 . In the unadjusted model, the variance (standard error) for use of protective ventilation was 0.59 (0.055) and the mean probability of use of protective ventilation was 53.8%. From this model, it was calculated that 95% of providers had an estimated probability of using protective ventilation between 19.9% and 80.8%. This amounts to 15.1% of the total variance in protective ventilation being accounted for by anesthesia provider. In the adjusted analysis, the variance and mean probability for use of protective ventilation across the individual providers were similar compared with the unadjusted analysis. Specifically, the mean probability was 51.1% and the variance (standard error) was 0.42 (0.041). This translated to 95% of providers having an estimated of probability of using protective ventilation between 24.7% and 77.2%. After adjusting for the confounders, 11.4% of the variance in protective ventilation due to remained (ie, only 3.7% of the variance in protective ventilation use could be accounted for by measurable covariates). Similar results were obtained when adjusting for confounders using inverse probability treatment weights in the model or a multivariable model (see Table 3 and Supplemental Digital Content 2, Figure 2 , http://links.lww.com/AA/B906). The estimated probabilities for use of protective ventilation for every individual provider in rank-order for the unadjusted and adjusted models are presented in Figure 1 .
Secondary Analysis
The secondary analysis examined the variability in the use of the individual components of protective ventilation. For all 3 components, there was little difference between the results of the adjusted and unadjusted analysis as displayed in Table 2 . There was greater variability in the use of PEEP compared with low plateau pressure. The estimated probabilities for the application of PEEP, low tidal volume, and low plateau pressure for every individual provider in rankorder in the unadjusted and adjusted models are presented in Figure 2 .
Sensitivity Analyses
In the sensitivity analysis, the definition of protective ventilation was changed with more conservative thresholds of tidal volume and plateau pressure. With this new definition, the overall usage of protective ventilation was lower compared with the primary analysis, with the adjusted mean probability of use of protective ventilation being 14.7%. The variation across providers persisted with 95% of providers having an estimated of probability of using protective ventilation between 5.1% and 29.6% as determined from the adjusted model. There was little difference between the adjusted and unadjusted models with regards to variation as can be seen in Supplemental Digital Content 3, Figure 3 , http://links.lww.com/AA/B907. The primary analysis was repeated separately with compliance added to the model and with the minimum number of cases set to 50 and the results of both of these analyses were similar to the primary analysis (Table 3) .
We repeated the secondary analysis with different protective thresholds for PEEP, plateau pressure, and tidal volume. When examining the use of a median PEEP of >0 cm H 2 O, the mean probability of use from the fully adjusted model was 92.5%. While this proportion was higher than observed in the primary analysis, although there was still variation across practitioners with 95% of providers in the range of 62.5% to 98.9%. When the threshold for tidal volume was lowered to 8 mL/kg of predicted body weight, the mean was shifted to 36.4%, but the variation persisted with 95% of providers in the range of 20.2% to 57.2%. The results of this analysis can be found in Table 3 and are graphically depicted in Supplemental Digital Content 4, Figure 4 , http://links.lww.com/AA/B908.
When switching the unit of analysis from anesthesia provider to supervising attending anesthesiologist, there were 129 anesthesiologists who cared for 65,787 patients during the study time period. A total of 50.2% of patients received protective ventilation. In the adjusted model, the mean predicted use of 50.0%. The variance was 0.19 (0.027) and 95% of attendings had a predicted usage rate between 33.9% and 66.7%. The full results from the sensitivity analysis are displayed in Table 3 . Results from analyses excluding cases ending after 5 pm, adding compliance as a confounder and changing the inclusion criteria for the number of cases by a provider from 100 cases to 50 cases were all similar to the primary analysis (Table 3) .
Overall, the usage of protective ventilation increased over time (P value for trend: <.001). However, providers in the lowest quartile of use at the beginning of the study time period continued to have the lowest rate of usage of protective ventilation throughout the analysis. Similarly, the providers with the highest proportion of patients receiving protective ventilation continued to have the highest rate of usage throughout. This is displayed in Figure 3 .
In the final sensitivity analysis, 2 new subcohorts were created for patients who received their anesthetics early in the study time period (2007) (2008) (2009) ) and those who underwent anesthesia later in the study time period (2012-2014). The adjusted predicted proportion of patients receiving protective ventilation within each subcohort are displayed in Supplemental Digital Content 5, Figure 5 , http://links.lww. com/AA/B909 and Table 3 . As can be seen in the figure, there was significant variation in both time periods suggesting that the initial results from the primary analysis cannot be attributed to residual confounding of time period.
DISCUSSION
In this study of 262 individual anesthesia providers treating 57,372 patients, we found significant interprovider variability in the use of intraoperative protective ventilation ranging from 25% to 77%. The variability in practice was not affected by adjustment for covariates including demographics, comorbidities, procedure type, and intraoperative factors. This suggests that the use of protective intraoperative mechanical ventilation is driven by the individual preference/practice of the anesthesia provider, rather than patient and/or procedural characteristics. When the definitions of the components of protective ventilation were changed in the sensitivity analyses, the pattern of variation across providers persisted with adjustment. While the utilization of protective ventilation increased during the 7-year observation period as a function of time, the high level of provider variability remained constant. The worst performing providers remained in the lowest category throughout the study time period.
Differences in the practice of anesthesia are likely common and often anecdotally observed. 24 Variations in the practice of perioperative medicine have been empirically identified in the practice of fluid administration and preoperative evaluations. 25, 26 While it may be that some variation in practice is benign, there is evidence that outcomes differ across anesthesiologists. 27 Thus, identifying differences in practice that can affect outcomes is essential to improving patient quality and safety. Previous studies have examined variability in the use of protective ventilation between 13, 16, 28 ; however, this is the first study, to our knowledge, to examine practice patterns at the provider level. Our results suggest that the hospital should not be used as a surrogate for describing individual practice patterns and that doing so may underestimate the true amount of variation in practice. At the study institution, anesthesia is often delivered in a care team model with an attending anesthetist supervising multiple rooms. While we did not have data as to who made the decision regarding ventilation patterns we found variation both at the provider and attending level. Thus, the results may be better interpreted as variation across care teams rather than individual providers.
When analyzing the individual components of protective ventilation, it appeared that the amount of variability differed by the component analyzed with PEEP having the greatest variation and plateau pressure demonstrating the least. Providers used protective plateau pressure much more frequently than protective PEEP (97% vs 66%) and thus it is not surprising that we find greater variability in the latter variable. An explanation for the decreased variability in tidal volume and plateau pressure is that the default ventilator settings at the study institution are volume control with a tidal volume of 500 mL and the majority of patients (87%) are ventilated using volume control ventilation. This means that as long as a patients' pulmonary compliance was normal, it was likely that the provider had protective settings. Additionally, the default tidal volume used may or may not be protective depending on a patient's sex, height, and weight. This is contrasted to PEEP where the default ventilator setting is 0 cm H 2 O. This meant that a provider would have to actively change the setting to deliver protective ventilation. At the same time, the role of PEEP in both the intensive care unit and the operating room is debated 29 and may be procedure specific, 30 which may account for some of the variation. With respect to its use in the operating room, 1 randomized controlled trial found that high PEEP was not beneficial compared with low PEEP, 31 while a meta-analysis of individual patient data was inconclusive on the benefits of PEEP. 9 Another study by members of our group found that PEEP was beneficial in preventing postoperative pulmonary complications 8 and there is also data suggesting that low tidal volumes with minimal PEEP are harmful. 32, 33 Despite disagreements over guidelines and thresholds to define intraoperative protective ventilation, there is growing evidence that intraoperative ventilation strategies matter [7] [8] [9] [10] and that ventilator settings should be individualized according to patient and procedure characteristics. 34 Our data showed that this is not the current practice. Therefore, implementing strategies such as protocols or educational initiatives to decrease the variation observed may improve outcomes. We did notice that there was an increase in the use of protective ventilation over time, particularly from 2011 to 2012 and 2013 to 2014. To the authors' knowledge, there was no quality improvement intervention such as an educational program or quality imitative that occurred over the study time period that could account for this change. It should be highlighted that when examining groups of providers over time, the worst performing providers remained in the lowest category throughout the study time period. Therefore, the type of analysis used in this study can help identify low performing providers that may be less likely to adopt standard practices so that any potential interventions can be targeted to them.
This study also provides an example of how to create a quality metric for anesthesia providers using a robust statistical technique that can adjust for differences in case mix. Within anesthesiology, there are currently no National Quality Forum performance measures that differentiate high-quality providers. 35 Thus, there is an opportunity to create metrics to not only help demonstrate the value of anesthesia care but also make the perioperative period safer for patients. We would argue that any meaningful measure must appropriately account for differences in the populations cared for by anesthesiologists to make the inferences regarding performance stronger. The use of mixed-effects models, as done in this study, is one potential method to achieve this. Additionally, the implementation of propensity scores as a data reduction technique mitigates the issue of small numbers that is typically encountered when examining outcomes. 36 It is important to note that the techniques used are only practical in institutions that have an existing electronic anesthetic information management system and thus may not be implementable within certain health systems. Our cohort consisted of a large number of anesthesia providers and surgical patients. Further, we had detailed clinical information for each patient which allowed us to adjust for several important covariates such as body mass index and underlying respiratory comorbidities that might influence the choice of an anesthesia provider to use protective ventilation. We performed several sensitivity analyses and the results were consistent across all of the statistical techniques used.
This study was limited by several factors that should be considered when interpreting the results. Our study was observational and despite our thorough confounder control, we cannot exclude residual confounding. For instance, we did not have data regarding years of practice or training background and thus could not adjust for these factors in our models. Additionally, we used administrative data to define patient comorbidities and thus errors in coding are possible, although we have no reason to suspect that the dataset contains errors that would differentially influence our results. We were not able to control for arterial blood gases or recruitment maneuvers which might influence the choice of a physician to use protective ventilation. However, we were able to adjust for several other important intraoperative factors. Driving pressure was not included in the analysis and has been shown to be an important component of protective ventilation. 8, 37 Given that this is a recent discovery though, it is unlikely to have affected behavior over the study time period. Finally, our study was conducted at a single center and variance in the practice of individual anesthesia providers may be different in other hospitals or settings.
CONCLUSIONS
The results of our study indicate that there is marked variability across individual anesthesia providers in the use of intraoperative protective mechanical ventilation. Our data suggest that this variability is highly driven by the individual preference of the anesthesia provider, rather than as a consequence of patient and procedural characteristics. This analysis cannot tell us why providers practice differently and thus future qualitative research using in-depth interviews should be conducted to better understand decision making of individual providers with regards to the choice of ventilation settings. Additionally, the methods used in this study can be applied in the future to other individuallevel quality metrics to account for differences in procedure and patient factors across providers. E DISCLOSURES Name: Karim S. Ladha, MD, MSc. Contribution: This author helped in study conception and design, data analysis, and drafting of manuscript. Name: Brian T. Bateman, MD, MSc. Contribution: This author helped design the study and revise the manuscript substantially. Name: Timothy T. Houle, PhD. Name: Krista F. Huybrechts, MS, PhD.
